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Abstract 
	
In response to stress treatments, microspores can be reprogrammed to become totipotent 
cells that follow an embryogenic pathway producing haploid and double-haploid 
embryos, which are important biotechnological tools in plant breeding. Recent studies 
have revealed the involvement of DNA methylation in regulating this process, but no 
information is available on the role of histone modifications in microspore 
embryogenesis. Histone modifications are major epigenetic marks controlling gene 
expression during plant development and in response to environment. Lysine 
methylation of histones, accomplished by histone lysine methyltransferases (HKMTs), 
can occur on different lysine residues, with histone H3K9 methylation being mainly 
associated with transcriptionally silenced regions. In contrast, histone H3 and H4 
acetylation is carried out by histone acetyltransferases (HATs) and is associated with 
actively transcribed genes.  
 
In this work we analyze three different histone epigenetic marks: dimethylation of 
H3K9 (H3K9me2) and acetylation of H3 and H4 (H3Ac and H4Ac) during microspore 
embryogenesis in Brassica napus, by Western blot and immunofluorescence assays. 
The expression patterns of histone methyltransferase BnHKMT and histone 
acetyltransferase BnHAT genes have been also analyzed by qPCR. Our results revealed 
different spatial and temporal distribution patterns for methylated and acetylated histone 
variants during microspore embryogenesis and their similarity with the expression 
profiles of BnHKMT and BnHAT, respectively. The data presented suggest the 
participation of H3K9me2 and HKMT in embryo cell differentiation and 
heterochromatinization events, whereas H3Ac, H4Ac and HAT would be involved in 
transcriptional activation, totipotency and proliferation events during cell 
reprogramming and embryo development. 
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Introduction 
Epigenetic mechanisms are highly dynamic events that modulate gene expression. In 
plants, they play an important role in development, flowering, pathogen recognition, 
senescence and somaclonal variation. The structure and function of chromatin are 
regulated by multiple epigenetic mechanisms, including post-translational covalent 
histone modifications, small RNAs and DNA methylation (Kouzarides 2007, Leeb and 
Wuzt 2012). Epigenetic marks can be transmitted during cell division and can also be 
reversed, providing a way to confer plasticity in the plant response to environmental 
changes and developmental cues (Yaish et al. 2011, Köhler et al. 2012). 
	
Microspore embryogenesis constitutes an intriguing system in which the microspore, at 
the developmental stage of vacuolated microspore (González-Melendi et al. 1995), is 
reprogrammed by stress treatments and, as a totipotent cell, redirects its gametophytic 
program towards an embryogenic pathway. The resulting haploid and double haploid 
plants are important biotechnological tools in plant breeding (review in Maluszynski et 
al. 2003, Bárány et al. 2005, 2010; Prem et al. 2012). Although increasing amounts of 
information on the presence of genes and molecules controlling microspore stress 
response were reported in recent years (Rodríguez-Serrano et al. 2012, El-Tantawy et al. 
2013), the underlying genetic and epigenetic processes controlling microspore 
embryogenesis are still poorly understood.  Changes of DNA methylation during 
tapetum programmed cell death (Solís et al. 2014), pollen maturation and microspore 
embryogenesis (Solís et al. 2012, El-Tantawy et al. in this issue), suggest that 
microspore reprogramming is associated with reconfiguration of the epigenome.  
 
Histone methylation and acetylation play an essential role in diverse biological 
processes ranging from transcriptional regulation to heterochromatin formation. Lysine 
methylation of histones decorates both transcriptionally silenced and active chromatin 
domains, depending on which lysine residues are methylated and the degree of 
methylation. Generally, H3K4 and H3K36 methylation is associated with active genes, 
whereas H3K9 and H3K27 methylation is associated with silenced regions (Liu et al. 
2010). In Arabidopsis, H3K9 methylation was found predominately as H3K9me1 and 
H3K9me2 in chromatin regions enriched in transposons and repeated sequences and 
associated with heterochromatin (Lippman et al. 2004).  The methylation marks of 
histones are written by distinct enzymes named histone lysine methyltransferases or 
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HKMTs (Liu et al. 2012a). Acetylation of histone lysines has been recognized as a 
characteristic of actively transcribed genes by altering histone-DNA interactions and 
making the DNA more accessible to the transcription machinery (Xu et al. 2005, Earley 
et al. 2007). N-terminal lysine residues of histones H3 and H4 are found to be 
acetylation targets for different histone acetyltransferases (HATs), enzymes which 
contribute to many plant development and adaptation processes, in combined action 
with histone deacetylases (Pandey et al. 2002, Xu et al. 2005, Liu et al. 2012b). Changes 
in chromatin condensation-decondensation states have been reported at different 
developmental stages during microspore embryogenesis in relation to changes in 
chromatin function and cell activity (Testillano et al. 2000, 2005). 
 
In this work the changes of three histone epigenetic marks, H3K9me2, H3Ac and H4Ac 
were analyzed during microspore embryogenesis in Brassica napus by Western blot and 
immunofluorescence assays. The expression patterns of BnHKMT and BnHAT genes, 
were analyzed by qPCR. Our results reveal differential spatial and temporal distribution 
patterns for methylated and acetylated histone variants during microspore 
embryogenesis. The expression profiles of BnHKMT and BnHAT genes are similar to 
the distribution patterns of methylated and acetylated histones respectively. Together, 
our data show that microspore embryogenesis is accompanied by dynamic changes of 
histone marks H3K9me2, H3Ac and H4Ac.  
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Material and Methods 
 
 
Plant material and microspore culture  
Brassica napus L. cv. Topas donor plants were grown under controlled conditions at 
15/10 °C in a 16/8 h light/dark cycle. Isolated microspore culture and embryogenesis 
induction was performed at 32 °C, as described by Prem et al. (2012).  
 
Fixation and processing for immunofluorescence  
Microspore culture samples were collected at different times and fixed overnight with 
4% paraformaldehyde in phosphate buffered saline (PBS) at 4ºC. Culture samples of the 
first stages containing isolated microspores and small multicellular pro-embryos were 
previously embedded in gelatine, dehydrated and resin-embedded at low temperature. 
Large multicellular, globular and torpedo embryos were processed either for cryostat or 
resin embedding.   
 
Processing for cryostat sectioning  
Fixed samples were washed in PBS, and cryoprotected through a gradual infiltration in 
sucrose solutions: 0.1M, 0.5M, 1 M, 1.5M, 2M for 1h each, and 2.3 M o/n at 4ºC, 
embedded in Tissue-Tek optimal cutting temperature (OCT) compound and frozen on 
dry ice for sectioning in the cryostat (Leica CM 1950). 20-30 micrometers thick 
sections were collected on glass slides, washed with water to eliminate the OCT and 
transferred to a water drop over 3-aminopropyl-triethoxy-silane (APTES)-coated slides, 
air-dried and stored at -20◦C until use for immunofluorescence (IF). 
 
Processing for resin embedding and ultramicrotome sectioning  
Fixed samples were washed in PBS, dehydrated through an acetone series (30%, 50%, 
70%, 90% and 100%) and embedded in Technovit 8100 resin (Kulzer, Germany) at 
4°C. The blocks were sectioned at 1-2 µm thickness and stained with 1% toluidine blue, 
for structural analysis, mounted with Eukitt and observed under bright field microscopy. 
Some sections were placed on APTES coated slides, air-dried, and stored at 4ºC until 
use for immunofluorescence (IF). 
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Immunofluorescence  
IF was performed essentially as previously described by us (Testillano et al. 2013). For 
cryostat sections, permeabilization was required prior to IF. After thawing the sections 
at room temperature, they were dehydrated and rehydrated in a methanol series (30%, 
50%, 70%, 90%, 100%, 90%, 70%, 50%, 30%, 5min each) and PBS, and subjected to 
enzymatic digestion of cell walls for additional permeabilization  with 2.5% pectinase, 
2.5% cellulase and 2.5% pectoliase (Rybaczek et al. 2007) in PBS for 45min. Semithin 
resin sections did not require permeabilization and were subjected directly to the 
immunodetection, after incubation in PBS for a few minutes. At this step, all section 
types followed the same IF protocol.  
 
Sections were first blocked with 10% fetal calf serum (FCS) in PBS 10 min and 
incubated 1h with anti-H3K9me2 (Diagenode, Cat. No. pAb-060-050), anti-Acetyl-
Histone H3 (Millipore, Cat. No. 06-599) or anti-Acetyl-Histone H4 (Millipore, Cat. No. 
06-598) rabbit polyclonal antibodies diluted 1:100 in 1% BSA in PBS. After three 
rinsing steps in PBS, sections were incubated for 45min in darkness with the secondary 
antibody Alexa Fluor 488-labelled anti-rabitt IgG antibody (Molecular Probes) diluted 
1/25 in PBS for 45 min in the dark. Negative controls were performed replacing the 
primary antibody by PBS.  After washing in PBS, nuclei were stained with DAPI (4.6-
diamidino-2-phenylindole), washed with PBS, mounted in Mowiol and examined in a 
confocal microscope (Leica TCS-SP2-AOBS, Vienna, Austria). Images of maximum 
projections were obtained with software running in conjunction with the confocal 
microscope (Leica software LCS version 2.5). 
 
Histone extraction 
The samples, previously frozen in liquid nitrogen, were grinded in a chilled mortar and 
pestle, 0.1g was used for each sample; 0.5ml of 0.4M sulphuric acid was added to 
resuspend the powder. After 1h incubation on ice, the samples were centrifuged at 
15000 rpm for 5min at 4ºC and the supernatant was transferred to a glass corex tube, the 
pellet was resuspended a second time repeating the previous step, and the supernatants 
were combined in the corex tube. 12ml of acetone were added and left at -20ºC o/n to 
precipitate the proteins. The samples were centrifuged at 7000 rpm for 15min at 4ºC in a 
Sorvall ss-34 centrifuge, the supernatant was removed and the pellet was air dried in a 
fume hood. The pellet was resuspended in 100 µL of 4M urea. 2x Laemmli buffer was 
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added, the proteins were quantified using the Qubit 2.0 Fluorometrer assay (Invitrogen). 
The samples, previously boiled for 3 min, were stored at -20ºC. 
 
Western blot analysis 
Protein extracts were separated by electrophoresis (110V) in 12% acrylamide SDS gels 
(Mini-Protean III, BioRad) and then transferred to Immobilon membranes (Millipore 
Corp) by electroblotting (350mA for 2h). For comparison purposes, equal amounts of 
proteins (2 µg) were loaded per sample. For immunodetection, the membranes were 
blocked in a 2% dilution of powered skimmed milk in phosphate-buffered saline (PBS) 
containing 0.1% Tween for 2h. Then, membranes were incubated for 2h with the 
primary antibody, anti-H3K9me2 (Diagenode, Cat. No. pAb-060-050), anti-Acetyl-
Histone H3 (Millipore, Cat. No. 06-599), or anti-Acetyl-Histone H4 (Millipore, Cat. 
No. 06-598), diluted 1/1000 in the blocking solution. Then the membranes were 
revealed using fluorescent secondary IRDye® 800CW or IRDye® 680RD antibody (Li-
Cor), incubating the antibody for 1h, the membranes were observed and fluorescent 
band intensities quantified using Li-Cor Odyssey system with the Image Studio v2.0. 
Two independent biological samples and two replicates of each sample were performed 
per developmental stage and antibody. Differences among stages were tested by one-
way ANOVA analysis of variance followed by Tukey’s multiple comparison test at P ≤ 
0.05. 
  
Quantitative real-time PCR (qPCR) 
RNA was isolated from the different culture samples at the different stages analysed, 
according to Solís and coworkers (2012). One µg of total RNA was used for the RT 
reaction using the Superscript TM II reverse transcriptase enzyme (Invitrogen). For 
expression analysis of the HAT gene, the oligonucleotides used were: 5´ 
AGCCGAGTACACTTGCCCTA 3´ and 3´ GCCTAGCCCTCTCCTGTCTT 5´ from 
the sequence of the HAC5 gene of Brassica rapa (Bra039359 accession number in 
Brassica gene database http://brassicadb.org), homologous of the HAC5 gene of 
Arabidopsis, which encodes a histone acetyltransferase that can use both H3 and H4 
histones as substrates (Earley et al. 2007). For the expression analysis of HKMT gene 
the oligonucleotides used were: 5´ TTGTTGCGTGAGCTGTAAGG 3´ and 
3´GGGCAGTCTTGGCAGTAAAA 5´, from the sequence of the HKMT gene of 
Brassica rapa (Bra040197 accession number in Brassica gene database 
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http://brassicadb.org), homologous of SUVR4 Histone Lysine Methyl Transferase gene 
of Arabidopsis (Thorstensen et al. 2006).  
 
cDNA was amplified using the SsoAdvanced™SYBR®Green supermix on the iQ™5 
Real-Time PCR Detection System (Biorad). All qPCR reactions were run in duplicates. 
Thermocycle settings were as follows: initial denaturation of 30 s at 95°C, followed by 
forty cycles, each consisting of 5 s at 95°C, 30 s at 56°C. After each run, a dissociation 
curve was acquired to check for amplification specificity by heating the samples from 
65 to 95°C. Serial dilutions of cDNA were used to determine the efficiency curve of 
each primer pair according to (Costa et al. 2013). β-tubulin (TUB) and Glyceraldehyde-
3-phosphate dehydrogenase 2 (GAPDH.2) were used as internal reference genes. At the 
end of the PCR cycles, the data were analyzed with the Bio-Rad CFX Manager 3.0 
(3.0.1224.1015) (Biorad), using the Livak calculation method (Livak and Schmittgen 
2001).Two independent reactions with two different biological samples and two 
replicates of each reaction were performed per developmental stage and gene. 
Transcript levels were normalized to vacuolated microspore stage levels. Differences 
among stages were tested by one-way ANOVA analysis of variance followed by 
Tukey’s multiple comparison test at P ≤ 0.05.   
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Results 
 
Histone H3K9me2 distribution and BnHMT expression patterns during 
microspore embryogenesis  
 
Microspore embryogenesis was induced in Brassica napus by stress treatments of 32ºC 
at the developmental stage of vacuolated microspore (Fig. 1A). The responsive 
microspores reprogrammed their gametophytic program towards an esporophytic 
pathway by undergoing cell divisions leading to the formation of multicellular embryos 
(Fig. 1B). As embryogenesis proceeded, distinct embryo stages could be distinguished: 
globular (Fig. 1C), torpedo (Fig. 1D) and cotyledonary embryos. After thirty days, 
mature embryos were able to germinate giving rise to haploid and double-haploid plants 
(Prem et al. 2012). Three representative developmental stages of microspore 
embryogenesis were selected to analyse epigenetic histone modifications: vacuolated 
microspores (collected at culture initiation, before embryogenesis induction), 
multicellular embryos (early stage after embryogenesis induction) and globular/torpedo 
embryos (advanced stages of embryogenesis). 
 
Western blot analysis with specific antibodies against H3K9me2 revealed changes in 
the level of H3K9me2 during microspore embryogenesis progression (Fig. 2). Before 
embryogenesis induction, vacuolated microspores showed low H3K9me2 levels. After 
embryogenesis initiation, multicellular embryos did not show significant differences in 
H3K9me2 signal intensity, whereas at more advanced developmental stages globular 
and torpedo embryos showed a highly significant increase of H3K9me2, more than two 
times the level found in vacuolated microspores and multicellular embryos.  
 
Anti-H3K9me2 immunofluorescence assays were analysed by confocal microscopy 
using the same laser excitation and sample emission capture settings for image 
acquisition in all immunofluorescence preparations, allowing an accurate comparison 
among signals from cells at different developmental stages. This analysis revealed a 
specific immunofluorescence signal of mid intensity in the nuclei of vacuolated 
microspores (Fig. 3A, A’, A’’) and multicellular embryos (Fig. 3B, B’, B’’); the nuclei 
were identified by DAPI and showed an homogeneous mid blue fluorescence which 
reflected a chromatin pattern of low-mid condensation in vacuolated microspores and 
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early embryos, as reported for this plant species and cell types (Seguí-Simarro et al. 
2011). No significant signal was observed in other subcellular compartments. In some 
cases an unspecific autofluorescence signal was detected in the exine (Fig. 3A’’). At 
later developmental stages, nuclei of globular stage embryos showed an intense 
immunofluorescence signal (Fig. 3C, C’). With progression of embryogenesis and 
initiation of differentiation events, in early (Fig. 4A, A’) and advanced (Fig. 4B, B’) 
torpedo stage embryos, different immunofluorescence distribution patterns were 
observed among embryo cells. The nuclei of differentiating peripheral cells of torpedo 
embryos exhibited higher H3K9me2 immunofluorescence (Fig. 4C, C’), whereas less 
intensity or no signal was observed in nuclei of other embryo regions with proliferating 
cells (Fig. 4D, D’). Nuclei of peripheral cells also showed an intense DAPI 
fluorescence, indicative of high chromatin condensation, while other cell nuclei of 
embryo inner regions exhibited less intense DAPI staining. No significant 
immunofluorescence signal was observed in control experiments avoiding the first 
antibody in all developmental stages analyzed.  
 
BnHKMT gene of Brassica is homologous to the HKMT SUVR4 gene of Arabidopsis 
which encodes a HKMT with preference for H3K9me1 as substrate (Thorstensen et al. 
2006). The expression pattern of BnHKMT was analysed by quantitative real-time PCR 
(qPCR) at different stages of microspore embryogenesis. qPCR results showed that 
BnHKMT expression was developmentally up-regulated during microspore 
embryogenesis progression, observing  the highest expression levels in globular/torpedo 
embryos (Fig. 5). The temporal expression pattern of BnHKMT was similar to the 
profile of H3K9me2 distribution during microspore embryogenesis (Figs. 2, 5). 
 
Histones H3Ac and H4Ac distribution and HAT expression patterns during 
microspore embryogenesis  
 
Changes in acetylation of histones H3 and H4 during microspore embryogenesis were 
analyzed by using specific antibodies recognizing the acetylated forms of H3 and H4 
histones. Quantification of the Western blot signals showed similar profiles for both 
H3Ac and H4Ac during microspore embryogenesis, with the exception of a lower 
presence of H3Ac in globular and torpedo embryos (Fig. 6). Both histone modifications 
showed high levels in vacuolated microspores, which decreased after embryogenesis 
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induction in multicellular embryos and increased significantly in advanced 
embryogenesis stages (Fig. 6).  
 
Immunofluorescence results showed similar distribution patterns of labelling for both 
H3Ac and H4Ac antibodies. Vacuolated microspore nuclei exhibited intense 
immunofluorescence with anti-H3Ac (Fig. 7A, A’, A’’) and anti-H4Ac antibodies (Fig. 
7B, B’, B’’), whereas after embryogenesis induction multicellular embryo nuclei had a 
reduced signal (Fig. 7C, C’, C’’). Along embryogenesis progression, the 
immunofluorescence signal intensity increased in nuclei of globular stage embryos (Fig. 
7D, D’). During advanced stages of development the distribution of acetylated histones 
differed among embryo cells. In early (Fig. 8A, A’, A’’) and late (Fig. 8B, B’, B’’) 
torpedo stage embryos, immunofluorescence signals were more intense in proliferating 
embryo cells like the apical meristem (arrowheads, Fig. 8C, C’, C’’) compared to other 
regions of the embryo (Fig. 8D, D’, D’’). No significant immunofluorescence signal 
was observed in control experiments avoiding the first antibody in all developmental 
stages analyzed.  
 
The HAT gene of Brassica napus (BnHAT) is homologous to the HAC5 gene of 
Arabidopsis which encodes a histone acetyltransferase that uses both H3 and H4 
histones as substrates (Earley et al. 2007). Expression analysis of BnHAT by qPCR 
revealed a temporal expression pattern (Fig. 9) similar to the distribution profiles of 
acetylated histones (Fig. 6) during microspore embryogenesis. BnHAT was expressed in 
vacuolated microspores and after embryogenesis induction, being up-regulated during 
advanced embryogenesis stages (Fig. 9). 
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Discussion 
 
The results of this study show that post-translational histone modifications dynamically 
change during microspore embryogenesis. Histone H3K9m2 methylation and H3/H4 
acetylation have different temporal distribution profiles that are similar to the 
expression patterns of specific histone methyl and acetyl transferase genes, BnHKMT 
and BnHAT, revealing genome-wide epigenetic reprogramming events during 
microspore embryogenesis.  
 
Increase of H3K9me2 during microspore embryogenesis occurs concomitantly 
with BnHKMT expression and is associated to embryo cell differentiation  
 
Our results revealed a progressive increase of H3K9me2 after microspore 
reprogramming and during embryo development, reaching the highest level in globular 
and torpedo stage embryos, indicating the association of this epigenetic mark with 
differentiation. Moreover, the immunolocalization revealed higher H3K9me2 signals in 
differentiating cells localized at the periphery of developing torpedo embryos, and 
characterized by more abundant heterochromatin. H3K9me2 has been associated with 
silenced transposable elements and heterochromatin in different plant systems (Saze et 
al. 2012, Liu et al. 2010). On the other hand, H3K9me2 is closely associated with DNA 
methylation in plants and required for constitutive heterochromatin formation 
(Stancheva 2005, Zhou et al. 2010). The interplay between H3K9me2 and DNA 
methylation is critical for the maintenance of genome-wide transcriptional gene 
silencing and genome stability (Liu et al. 2010). Similar to H3K9me2, DNA 
methylation progressively increases during microspore embryogenesis, in particular at 
stages of embryo differentiation (Solís et al. 2012, El-Tantawy et al, in this volume). 
The reported changes in the levels of DNA methylation show a temporal profile similar 
to the H3K9me2 pattern presented here. Differentiating embryo cells, which exhibit 
larger heterochromatin masses, have higher levels of DNA methylation (Solis et al. 
2012). Similarly, we identified differential distribution of H3K9me2 among 
differentiating and proliferating embryo cells, suggesting that both epigenetic marks, 
DNA methylation and H3K9me2, are closely associated in embryo cells and increased 
with cell differentiation, accompanying heterochromatinization.  Chromatin 
condensation has been shown to increase during pollen development and after 
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microspore reprogramming and embryo cell differentiation (Testillano et al. 2000, 
2005; Seguí-Simarro et al. 2011; Solis et al. 2012). Different patterns of chromatin 
condensation, DNA methylation, histone H3K9 methylation and some H3 variants have 
been also found between the generative and the vegetative nuclei of mature pollen in 
different species (Houben et al. 2011, Seguí-Simarro et al. 2011; Banaei-Moghaddan et 
al. 2012, Solís et al. 2012, Hoffman and Palmgren 2013, González-Sánchez et al. in this 
volume), these differences have been related to different transcriptional activities and 
fates of both cells. Together, our data highlight a dynamic change of chromatin structure 
during microspore embryogenesis that is accompanied by changes of H3K9me2. 
 
The expression analysis showed that BnHKMT gene was up-regulated during 
microspore embryogenesis and showed a similar pattern than the distribution profile of 
H3K9me2 at the same developmental stages. Increased levels of H3K9me2 during 
microspore embryogenesis occur concomitantly with increased expression of BnHKMT, 
suggesting that BnHKMT is responsible for establishing H3K9me2, an epigenetic mark 
associated with chromatin condensation and differentiation events throughout 
microspore embryogenesis. 
 
 
H3Ac and H4Ac change during microspore embryogenesis in relation to BnHAT 
expression and are associated with totipotent and proliferating cells 
 
In contrast with H3K9me2, acetylated histones were found at high levels in the 
vacuolated microspore before embryogenesis induction. High level of chromatin 
decondensation has been reported by electron microscopy analysis in vacuolated 
microspores of Brassica napus (Seguí-Simarro et al. 2011). This decondensed pattern is 
related to high transcriptional activity at this developmental stage (Testillano et al. 
2005). Histone acetylation is normally correlated with increased gene activity (Liu et al. 
2012). DNA methylation and H4 deacetylation act simultaneously and coordinately, 
restructuring the chromatin and regulating the gene expression during floral 
differentiation (Meijón et al., 2009). Low DNA methylation (Solís et al 2012) and high 
H3 acetylation in the vacuolated microspore nucleus are in agreement with the high 
transcriptional activity and decondensed chromatin pattern of the vacuolated 
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microspores of Brassica napus and other species (Testillano et al. 2005, Seguí-Simarro 
et al. 2011, Solís et al. 2012).  
 
The genome of animal and plant totipotent stem cells is characterized by unique 
epigenetic features and a decondensed chromatin conformation (Grafi et al. 2011, 
Hezroni et al. 2011, Onder et al. 2012); the open chromatin configuration has emerged 
as fundamental feature of plant totipotent cells which might confer cells with the 
capacity for rapid switching into a new transcriptional program upon induction (Grafi et 
la. 2011). Chromatin-modifying enzymes, including HATs, have been proposed as 
modulators of cell reprogramming by affecting the genome-wide distribution of 
permissive/active histone modification marks (like H3 and H4 acetylation) and 
promoting the open chromatin states (Onder et al. 2012). Recent evidences have 
revealed that epigenetic variations play crucial roles in the reprogramming capacity of 
animal embryonic stem cell lines in which high cell reprogramming potency was 
associated with high levels of H3Ac, while reduced reprogramming capacity was 
restored by increasing the H3Ac levels by treatments with histone deacetylase inhibitors  
(Hezroni et al. 2011). Our results showed high levels of H3Ac and H4Ac in the 
vacuolated microspore, a totipotent cell with capacity of reprogramming and re-entry 
into the cell cycle upon induction, providing new evidences to histone acetylation as 
modulators of cell totipotent state and cell reprogramming.   
 
Histone acetylation showed low levels after stress treatment and embryogenesis 
initiation while it significantly increased at advanced embryo developmental stages. 
Interestingly, immunolocalization results showed intense H3Ac and H4Ac signals over 
meristematic embryo cell nuclei at advanced stages of development. DNA 
demethylation followed by increased H3 and H4 histone acetylation occur 
concomitantly during cell cycle re-activation processes, like meristem dormancy exit 
and resumption of rapid growth in potatoes (Law and Shuttle 2004).  Several mutants in 
Arabidopsis HAT genes are affected in different aspects of plant growth and 
development, some of them having a decreased cell division rate (Nellisen et al. 2005); 
other HAT genes are required for cell division during gametogenesis (Latrasse et al. 
2008). Our results showed that the expression pattern of BnHAT is similar to the 
temporal profiles of acetylated histones during microspore embryogenesis. These results 
are in agreement with the involvement of histone acetylation and acetyl transferases in 
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the activation of cell division reported in other plant systems (Servet et al. 2010, Meijon 
et al 2009) and suggest its association with cell division activities in proliferating 
embryo cells. 
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Figure Legends 
 
Figure 1: Main stages of microspore embryogenesis. Semithin sections, toluidine 
blue staining. A: Vacuolated microspore; B: Multicellular embryo; C: Globular embryo; 
D: Early torpedo embryo. Bars: in A, B, C, 20 µm; in D, 150 µm. 
 
Figure 2: Quantification of H3K9me2 Western blot fluorescence signals at 
different stages of microspore embryogenesis. Each column represents the mean of 
two independent biological samples and two replicates. Bars indicate mean standard 
errors. Different letters on columns indicate significant differences according to 
ANOVA and Tukey’s test at P ≤ 0.05.  
 
Figure 3: Immunolocalization of H3K9me2 during early stages of microspore 
embryogenesis. A, A’, A’’: Vacuolated microspore. B, B’, B’’: Multicellular embryo 
with exine. C, C’: Early globular embryo.  A, B: Differential interference contrast 
(DIC) images showing the cell structure. Arrowheads point the exine. A’, B’, C: DAPI 
staining showing the nuclei (blue). A’’, B’’, C’: H3K9me2 immunofluorescence signal 
(green). Bars: 20 µm.  
 
Figure 4: Immunolocalization of H3K9me2 during advanced stages of microspore 
embryogenesis. Confocal images of nucleus DAPI staining  (blue in A, C, D; cyan in 
B) and immunofluorescence signal (green in A’, B’, C’, D’). A, A’: Early torpedo 
embryo. B, B’: Torpedo embryo. C, C’: Higher magnification of the peripheral embryo 
region squared  in A and A’. D, D’: Higher magnification of the inner embryo region 
squared in A and A’. Bars in A, A’, B, B’: 100 µm; in C, C’, D, D’: 20 µm.  
 
Figure 5: qPCR analysis of BnHKMT gene expression during microspore 
embryogenesis. Quantification of real-time RT-PCR amplification products of 
BnHKMT mRNA transcripts at different stages of microspore embryogenesis. Each 
column represents the mean of two independent reactions with two biological samples 
and two replicates of each reaction. Transcript levels were normalized to vacuolated 
microspore levels. Bars indicate the mean standard errors. Different letters on columns 
indicate significant differences according to ANOVA and Tukey’s tests at P ≤ 0.05. 
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Figure 6: Quantification of H3Ac (A) and H4Ac (B) Western blot fluorescence 
signals at different stages of microspore embryogenesis. Each column represents the 
mean of two independent biological samples and two replicates. Bars indicate the mean 
standard errors. Different letters on columns indicate significant differences according 
to ANOVA and Tukey’s test at P ≤ 0.05. 
 
Figure 7: Immunolocalization of H3Ac and H4Ac during early stages of 
microspore embryogenesis. A, A´, A´´, B, B´, B´´: Vacuolated microspore. C, C´, C´´: 
Multicellular embryo with exine. D, D´: Early globular embryo. A, B, C: DIC images 
of the cell structure. Arrowheads point the exine. A´, B´, C´, D: DAPI staining for 
nuclei (blue). A´´, C´´: H3Ac immunofluorescence (green). B´´, C´: H4Ac 
immunofluorescence (green). Bars: 20 µm.  
 
Figure 8: Immunolocalization of H4Ac during advanced stages of microspore 
embryogenesis. Confocal images of nucleus DAPI staining (blue in A, C, D, and cyan 
in B), immunofluorescence signal (green in A´, B´, C’, D’) and merged images (A´´, 
B´´, C’’, D’’). A, A´, A´´: Torpedo embryo. B, B´, B´´: Detail of the apical part of a late 
torpedo-early cotyledonar embryo. C, C’, C’’: Higher magnification of the meristematic 
embryo region squared in A. D, D’, D’’: Higher magnification of the embryo region 
squared in A. Bars: 100 µm. Arrowheads point the apical meristematic regions. 
 
Figure 9: qPCR analysis of BnHAT gene expression during microspore 
embryogenesis. Quantification of real-time RT-PCR amplification products of BnHAT 
mRNA transcripts at different stages of microspore embryogenesis. Each column 
represents the mean of two independent reactions with two biological samples and two 
replicates of each reaction. Transcript levels were normalized to vacuolated microspore 
levels. Bars indicate the mean standard errors. Different letters on columns indicate 
significant differences according to ANOVA and Tukey’s tests at P ≤ 0.05. 
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